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The present study was based on the physiologically reasonable assumption that the binocular system
aims for a reduction of ﬁxation disparity during ﬁxation and that the minimum amount of ﬁxation dis-
parity reﬂects the optimal binocular status. We measured eye movements (EyeLink II) of 18 participants,
while they read 60 sentences from the Potsdam-Sentence-Corpus (PSC) at a viewing distance of 60 cm.
The minimum ﬁxation disparity was frequently reached directly after the post-saccadic drift, sometimes
at the end of ﬁxation and sometimes somewhere in between. Minimum ﬁxation disparity was strongly
inﬂuenced only by ﬁxation position (within the sentence) while the amplitude of incoming saccade
had a negligible effect. Moreover, the effect of ﬁxation position on minimum ﬁxation disparity was cor-
related with the individual ability to compensate for binocular disconjugacy (due to saccades) while ﬁx-
ating during reading. Generally, we found ﬁxation disparity to be correlated between conditions of
reading and ﬁxating single targets, while the reading ﬁxation disparity tended to be more crossed (eso).
 2010 Elsevier Ltd. All rights reserved.1. Introduction
Eye movement research in reading has traditionally been asso-
ciated with the investigation of visual processing and language
comprehension (see, for example: Kliegl, Nuthmann, & Engbert,
2006; Rayner, 1998). Central to the description (and prediction)
of eye movement behavior during reading are saccades and ﬁxa-
tions, which are traditionally extracted from the movements of
only one eye. But we read with both eyes (binocularly), and besides
version eye movements, when both eyes move in the same direc-
tion, our eyes perform vergence movements, where the eyes move
in opposite directions. In other words, binocular vision of the text
requires that for each ﬁxation the vergence angle between the two
visual axes is adjusted for proper fusion of the two retinal images –
even though the viewing distance is not changed during reading. In
(theoretically) optimal binocular vision, the principal visual direc-
tions (visual axes) of both eyes intersect at the ﬁxation point. Slight
deviations – ﬁxation disparities (FD) or vergence errors – from this
optimal vergence angle are typically smaller than Panum’s area, i.e.
the range of disparity where sensory fusion of the two retinal
images is performed, thus double vision does not occur. These ﬁx-
ation disparities are called exo or eso when the visual axes of the
eyes converge slightly behind or in front of the ﬁxation point,
respectively.
In reading research, the adjustment of vergence was of little rel-
evance to many researchers, since a prevalent assumption was that
each eye ﬁxates the same character within a word. During the lastll rights reserved.decade a number of investigations showed that this assumption is
not correct, or at least, not in every ﬁxation during reading (see for
an overview: Kirkby, Webster, Blythe, and Liversedge (2008) and
Nuthmann and Kliegl (2009)): for example, Heller and Radach
(1999) reported that at the end of ﬁxation phases, landing posi-
tions of the eyes of eight readers were most often about 1–2 char-
acters apart (character width: 20 min arc). Further, Kliegl et al.
(2006) showed that the eyes ﬁxated different letters within a word
on 41% of ﬁxations, while the visual axes were more likely to be
crossed in front of the plane of presented text. In other words,
the majority of ﬁxations of 222 participants who read 144 sen-
tences showed an eso ﬁxation disparity (crossed visual axes) with
an amount exceeding one character width. In contrast, Liversedge,
White, Findlay, and Rayner (2006) reported proportions of 53%
aligned, 8% crossed, and 39% uncrossed ﬁxations, i.e. among the
47% of ﬁxations with crossed and uncrossed visual axes the major-
ity of cases reﬂected an exo ﬁxation disparity for 15 participants
who read 72 sentences (character width: 17.4 min arc). (Note that
the classiﬁcation of ﬁxations as crossed and uncrossed means that
the ﬁxation disparity is larger than one character width; smaller
ﬁxation disparities are referred to as aligned; see Liversedge, Ray-
ner et al. (2006) and Liversedge, White et al. (2006)). It is currently
unclear whether ﬁxation disparity may affect reading parameters
like ﬁxation duration. Further, difﬁculty in cognitive processing
may modulate ﬁxation disparity, but there are reports of no effects
as well (Heller & Radach, 1999; Juhasz, Liversedge, White, & Ray-
ner, 2006). Thus, the absolute amount or the direction of the ﬁxa-
tion disparity as average across a population may be of minor
importance for the average reading process. Furthermore, about
50% of ﬁxations are reported to be aligned (relative to character
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studies from different laboratories only differ with regard to the
direction of ﬁxation disparity within the non-aligned ﬁxations,
i.e. more crossed than uncrossed ﬁxation (Kliegl et al., 2006; Nuth-
mann & Kliegl, 2009) and more uncrossed than crossed ﬁxations
(Blythe et al., 2006; Liversedge, Rayner, White, Findlay, & McSorley,
2006; Liversedge, White et al., 2006). Up to date these reported dif-
ferences between the different studies are discussed as to be due to
different experimental conditions (see, for example, symposium
‘‘Binocularity” at the ECEM2009: http://www.ecem2009.org).
Moreover, an overview of the general vergence movement dur-
ing reading is found in Nuthmann and Kliegl (2009) or Vernet and
Kapoula (2009), which both conﬁrmed previous ﬁndings: during
saccades the eyes (often) diverge and this saccade disconjugacy
is reduced during ﬁxation by the post-saccadic drift in vergence
during ﬁxation; for the latter see Hendriks (1996) or Liversedge,
White et al. (2006). Due to this vergence drift, which just reﬂects
a slight movement of both eyes towards each other (convergence)
or away from each other (divergence), there is an uncertainty
regarding the most appropriate moment in time, for which the ﬁx-
ation disparity should be determined. Previous studies differ in this
respect. Usually, for analyzing ﬁxation disparity during reading the
end of ﬁxations is preferred (see, for example, Liversedge, Rayner
et al. (2006) and Liversedge, White et al. (2006)), because the ver-
gence drift (as a disparity reduction) led the binocular ﬁxation
point move towards the disparity plane of the text (Nuthmann &
Kliegl, 2009). Nevertheless, Vernet and Kapoula (2009) showed
that the end of the vergence drift during ﬁxations is reached
48 ms after saccade offset on average, i.e. during the ﬁrst part of
the ﬁxation period; afterwards, only slight movements in vergence
occurred throughout the ﬁxation phase.
The primary goal of the present study was to derive a precise
description of ﬁxation disparity during the ﬁxation phases. We
concentrated on the description of the minimal ﬁxation disparity
which was reached during each ﬁxation; this speciﬁcation of ﬁxa-
tion disparity was based on the physiologically reasonable
assumption that the binocular system aims for a reduction of ﬁxa-
tion disparity during ﬁxation (as shown by Liversedge, White et al.
(2006), Vernet and Kapoula (2009, or Nuthmann and Kliegl (2009))
and that the minimum amount of ﬁxation disparity (and corre-
sponding moment in time) reﬂects the optimal binocular status.
As shown by trial examples in Fig. 1a, vergence movements duringFig. 1. Examples for single saccades with an adjacent ﬁxation phase. (a) Three different v
movements. The vertical line marks the end of the post-saccadic drift in version, i.e. the d
theoretically expected vergence angle (360 min arc) and the arrows indicate the momen
minimum ﬁxation disparity is reached in the middle of the ﬁxation period and increases t
at the very beginning of the ﬁxation. For the plot in the middle, the minimum ﬁxationﬁxation phases might follow different curves: for example, ﬁxation
disparity might be reduced very early and kept stable during ﬁxa-
tion, as shown by Vernet and Kapoula (2009); or the process of
reducing ﬁxation disparity might continue up to the end of ﬁxation
as described graphically by Nuthmann and Kliegl (2009) and sug-
gested earlier by Liversedge, White et al. (2006). Interestingly, we
observed in several trials that the minimum ﬁxation disparity
was reached somewhere in the middle of the ﬁxation phase and
ﬁxation disparity increases afterwards again.
These examples showed that a standard description of ﬁxation
disparity at the start or end of ﬁxation may not be the optimal
choice. Rather, the moment in time when the minimum ﬁxation
disparity is reached theoretically represents the moment of opti-
mal fusion for the actual ﬁxation, i.e. gives an appropriate estima-
tion of binocular ﬁxation accuracy within each ﬁxation. We
examined this measure with respect to the ﬁxation disparity ob-
served at the beginning and end of ﬁxation phases. Speciﬁcally,
we focused on the moment in time the minimum ﬁxation disparity
was reached; we also analyzed the amount of minimal ﬁxation dis-
parity and its relationship to other parameters like, for example,
ﬁxation duration, ﬁxation position or incoming saccade amplitude.
Note that we deﬁned ﬁxation position as actual ﬁxation on a word/
letter relative to the center of the screen, i.e. the center of the visual
ﬁeld, for which calibrations of the eye movement measures were
obtained and which vertical midline resembled the visual direction
of ‘‘straight-ahead”. Thus, each ﬁxation position reﬂected the spa-
tial displacement of each ﬁxation relative to the center of the
screen. We further examined individual differences, testing the
assumption that the minimal ﬁxation disparity or the inﬂuences
of, for example incoming saccade amplitude, might also depend
on the observer.
Different to saccadic movements, vergence movements are not
ballistic. Compared to saccadic eyemovements, the vergencemove-
ment is slower, permanently feedback controlled and the trajectory
of vergence is less stereotypic, i.e. the movements show consider-
able variations from observation to observation (Howard, 2002;
Howard & Rogers, 2002). More importantly, the static vergence er-
ror, i.e. vergence baseline or starting ﬁxation disparity, differs
among observers; the reason why an individual’s ﬁxation disparity
is eso (crossed visual axes relative to the target plane), exo (un-
crossed visual axes relative to the target plane), or ortho (aligned vi-
sual axes relative to the target plane) is related to other parametersergence movements during saccade and ﬁxation and (b) the corresponding version
eﬁned starting of the ﬁxation. Additionally, in (a) the gray horizontal line marks the
t in time, when minimum ﬁxation disparity is reached. In the upper plot in (a), the
hereafter again, while for the lowest plot, the minimum ﬁxation disparity is reached
disparity is reached near the end of ﬁxation.
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Semmlow, 1980; Hung, Semmlow, & Ciuffreda, 1986; Schor, 1979,
1980), ﬁxation disparity depends on the individual vergence con-
troller gain and is biased by the individual resting vergence (Francis
& Owens, 1983; Jaschinski, 2001; Jaschinski, Jainta, Hoormann, &
Walper, 2007). In terms of a neural network model, ﬁxation dispar-
ity is a result of an individual imbalance in dynamic properties of
the vergence system (Patel, Jiang, & Ogmen, 2001). Regarding ﬁxa-
tion disparity during reading, to our knowledge the only reported
analyses taking into account – at least – the individual differences
in the intercept of regression analysis are those of Nuthmann and
Kliegl (2009); further, for describing the dynamic aspects of ver-
gence movements during reading, Vernet and Kapoula (2009) ana-
lyzed the data on subject basis before averaging across participants.
Accordingly, we analyzed the present vergence data by incorporat-
ing estimations of subject-dependant variance into a linear mixed-
effects model (lme4 package of the statistical package R; see Pinhe-
iro & Bates, 2000, or Venables & Smith, 2001). The latter analysis in-
cludes two kinds of effects: (1) a ﬁxed effect of a variable or factor is
the same for all considered units, i.e. participants in our case; addi-
tionally and (2) a random effect takes into account that the effect
might vary across units, i.e. participants. Accounting for individual
differences in mixed-effect models of ﬁxation disparity data might
provide a better ﬁt of the formal analysis to the observed data and
might give more realistic estimations of the magnitude of the ﬁxed
effect, i.e. of the regression coefﬁcients; see as another example,
Kloke and Jaschinski (2006).
Individual differences in ﬁxation disparity are well known in
optometry: observer with larger ﬁxation disparities tend to have
stronger near vision problems (Evans, 2002). For the ease of test-
ing, optometry uses dichoptic nonius lines for measuring ﬁxation
disparity (Jaschinski, Brode, & Griefahn, 1999), where at least the
direction (crossed or uncrossed) is the same as with objective
recordings in most cases (Jaschinski, Jainta, & Kloke, in press). Fur-
ther, optometry uses static viewing conditions. Therefore, we in-
cluded a viewing condition which was close to optometric
testing conditions: between sentences, we presented a central
cross for 1000 ms, for which we calculated a static measure of ﬁx-
ation disparity. We compared whether the ‘‘static” viewing condi-
tion (typically used in optometric assessments) and the more
‘‘dynamic” viewing condition of reading (within the eyes make sac-
cades across a line of text) gave the same average amount of ﬁxa-
tion disparity within individuals. Note that some optometrists
prescribe spectacles with prism due to a static vergence error
which can be measured with different techniques (by the way:
some use reading material), and they do so because of the fact that
this vergence error is supposed to be stable (Lie & Watten, 1987).
In order to contrast our study from recent reports we summa-
rize our aims as follows: our study included parts of the same sen-
tence corpus, the same eye-tracking system (EyeLink II) and a close
viewing distance as Nuthmann and Kliegl (2009); in contrast to
this study, we used monocular calibrations to account for the full
amount of ﬁxation disparity. Monocular calibrations separate our
study from, for example, Vernet and Kapoula (2009) as well. Fur-
ther, a closer viewing distance of 60 cm, which represents a more
typical reading distance and which might inﬂuence the ﬁxation
disparity (Jainta & Jaschinski, 2002; Jaschinski-Kruza, 1993; Jas-
chinski-Kruza, Schubert-Alshuth, Hoang Van, & Brockmann,
1985), contrasts our study to, for example, Liversedge, Rayner
et al. (2006) and Liversedge, White et al. (2006), who presented
their sentences at 100 cm. Additionally, describing ﬁxation dispar-
ity as minimum ﬁxation disparity during ﬁxation, accounting for
individual differences in the description of ﬁxation disparity during
reading, as well as comparing reading ﬁxation disparity with a sta-
tic viewing condition gave new information in the context of bin-
ocular coordination during reading.2. Method
2.1. Participants
The 18 participants had an uncorrected visual acuity of 1.0 or
better (in decimal units) in each eye. Participants ages ranged from
18 to 33 years (mean ± SD: 22 ± 5 years). Myopic, hypermetropic,
or astigmatic refractive errors did not exceed 0.5 D (median across
participants: 0.25 D) and no refractive corrections were worn.
Average heterophoria, extracted during each monocular calibration
phase (only one eyes ﬁxated the target, while position data from
both eyes were stored) was 0.7 (±1.6) and ranged between
2.1 and 5.8; a positive (negative) sign refers to an eso (exo)
state. Each subject gave informed consent before the experiments;
the research followed the tenets of the declaration of Helsinki and
was approved by an internal ethics committee.2.2. Eye movement measurement and calibration
We recorded eye movements with the video-based EyeLink II,
which tracks both eyes simultaneously. The dark pupil system
tracks the center of the pupil by an algorithm similar to a centered
calculation with a theoretical noise-limited resolution of 0.01
(0.6 min arc) and velocity noise of <3/s for two-dimensional eye-
tracking (details provided by SR Research Ltd., Osgoode ON, Can-
ada). In Jainta, Hoormann, and Jaschinski (2009) we showed that
saccadic changes in eye position of about 4–6 min arc can be de-
tected using the raw data of the EyeLink II system and our pur-
pose-made monocular calibration procedure and data analysis.
Further, we conducted an additional experiment in which we mea-
sured small vergence changes in the order of ﬁxation disparities
(see Appendix A); these methodological control conditions showed
that our instrumentation and test procedure were appropriate for
the purpose of the present study.
During the monocular calibration procedure (see Appendix B),
participants were requested to carefully ﬁxate calibration targets
that appeared (for 1000 ms) randomly with 100 ms temporal gaps
at one of the nine positions within a 3  3 calibration grid. The dis-
placement between the calibration points was 8, so that the cali-
bration grid covered a central space of 16  16; monocular
presentations to the right and left eye were randomly interleaved.
In order to draw attention to the calibration targets and to facilitate
exact ﬁxation, the diameter of the spot initially subtended 1 and
shrank immediately during 1000 ms to a remaining cross of
8.1  8.1 min arc (stroke width: 2.7 min arc); the remaining cross
was visible for 400 ms during which calibration data were stored.
Because of the need to calibrate the raw data by physically pre-
sented targets, each measured eye position is subject to an uncer-
tainty that can be described by a standard deviation (SDc) (Fogt &
Jones, 1998); these were calculated for our objective measure-
ments as described in Appendix C.
For allmeasurements,weused a chin and forehead rest including
a narrow temporal rest to minimize head movements. We did not
use the helmet (usually the EyeLink II is applied as a head-mounted
device) and the EyeLink II cameraswere ﬁxed at the chinrest; before
each measurement phase we checked the distance between the
cameras and the eyes, i.e. the headwas newly ﬁxedwithin the setup
to ensure a constant distance between EyeLink II cameras and the
eyes. An extended description of the quality of recordings in our
particular test conditions is provided in Jaschinski et al. (2010).2.3. Procedure, stimuli and apparatus
Participants had to read 60 sentences from the Potsdam-
Sentence-Corpus (PSC; Kliegl et al. (2006); see their Fig. 1 for an
1778 S. Jainta et al. / Vision Research 50 (2010) 1775–1785example). The PSC provides a broad sentence basis in German, of
which we choose sentences of intermediate length. Thus, we se-
lected sentences containing 7–8 words in order to have compara-
ble sentence length in words. In character spaces, the sentences
differed in length from 36 to 57 character spaces. The sequence
of sentences was randomly arranged for each subject. Participants
read the sentences within the following procedure: after calibra-
tion, a ﬁxation cross appeared at the left side of the calibration grid
(8 left; horizontally on eye level); after 1000 ms, a sentence was
presented so that the ﬁrst letter of the ﬁrst word was positioned
at the location of the cross. A sentence was then shown until the
participants clicked on a mouse button to indicate that they had
ﬁnished reading. Then the sentence disappeared and a second ﬁx-
ation cross was presented at the right side of the calibration grid
(8 right; horizontally on eye level). After 1000 ms, this second
cross was replaced in 1/3 of the trials by: (a) a three-alternative
multiple choice question pertaining to the content of the current
sentence (responded by mouse click) or (b) a central ﬁxation cross
(midline of the display; horizontally on eye level), which partici-
pants ﬁxated for additional 1000 ms. Thereafter, the left ﬁxation
cross appeared again and a new trial started.
We measured eye movements for blocks of 10 sentences; before
the ﬁrst and after the 10th sentence, we applied a complete cali-
bration phase and combined both regressions to a common cali-
bration for each block of 10 sentences. After such a block of 10
sentences, we included breaks of a few minutes so that the partic-
ipants could rest and relax their eyes.
For the purpose of monocular presentations of the calibration
targets and in order to control the amount of baseline vergence
for each observer, we used a mirror stereoscope (Howard & Rogers,
2002) with two mirrors at right angle and two VDU screens (CRT
Sony F500 T 9). These screens were placed at a viewing distance
of 60 cm. For each individual inter-pupillary distance (mean ± SD:
63.5 ± 3 mm) we adjusted the disparity of the stimuli to have a
baseline vergence of 6, at which we presented the sentences. Note
that this way of presenting the sentences is different from previous
research; we were mainly interested in vergence changes during
reading so that we optimized our setup in order to keep vergence
demands constant (6 of vergence angle) for each subject, while –
as a consequence – the stimuli for accommodation and vergence
were slightly different. In other words, the viewing distance was
60 cm considering the sentences as stimulus for accommodation,
while the sentences as stimulus for vergence were slightly (and
virtually) in front or behind the viewing distance of 60 cm depend-
ing on the interocular distance of the subject. All stimuli were pre-
sented on a white background with a luminance of 33 cd/m2 at
100 Hz, while the surrounding room lightning was 43 lux. The let-
ter width was 0.33, i.e. 20 min arc.
2.4. Data selection and parameter extraction
Eye movement data were screened for loss of measurement and
blinks. In order to exclude data based on inappropriate calibra-
tions, we selected only those sentences for which the standard
deviation due to calibration (SDc; see Appendix) did not exceed
20 min arc, which resembled the character width. We included this
criterium since the character width was outlined as important
width of vergence accuracy in previous research (Liversedge, Ray-
ner et al., 2006).
Further, we marked saccades within each sentence and selected
each saccade with its adjacent ﬁxation period. For saccade detec-
tion, we deﬁned saccade onset as the time when the velocity of
the version ((left eye + right eye)/2) signal reached 5% of the sacc-
adic peak velocity; the offset of the saccade was deﬁned as the time
when the eye velocity dropped below 10/s (see, for example, Bucci
& Kapoula, 2006; Liversedge, White et al., 2006). Next, we excludedsaccades with amplitudes smaller than 10 min arc and with ﬁxa-
tion phases shorter than 80 ms or longer than 1200 ms (Liversedge,
White et al., 2006) and analyses were restricted to initial ﬁxations
on words in ﬁrst-pass reading. In this way, the ﬁnal data set in-
cluded 2315 periods of saccade and ﬁxation.
For each period of saccade and ﬁxation, we calculated the sac-
cade landing position and extracted the saccade amplitude of the
version signal (i.e. the conjugate movement). For each saccadic
movement, we extracted the maximal amount of the transient ver-
gence error (i.e. the disconjugance movement) to describe the tran-
sient vergence movement. Further, knowing the saccadic landing
position, we marked the endpoint of the post-saccadic drift in ver-
sion (the minimum in version velocity ﬁrst reached after the
saccade).
The endpoint of the post-saccadic drift in version was deﬁned as
starting point of the ﬁxation phase, for which we calculated three
different parameters: most important was: (a) the minimum ﬁxa-
tion disparity that was reached during ﬁxation; we accounted for
the direction of ﬁxation disparity (eso = crossed and exo = un-
crossed) in order to detect the true minimum amount of the ver-
gence error. Further, for comparison, we extracted (b) initial
ﬁxation disparity as average across the ﬁrst 10 ms after the post-
saccadic drift in version, i.e. at the very start of the ﬁxation phase
and (c) the ﬁxation disparity as average across the last 10 ms be-
fore the saccades started, i.e. at the very end of the ﬁxation phase.
Note that for all ﬁxation disparity calculations we took the actual
ﬁxation position of the version signal and the subject’s inter-pupil-
lary distance (PD; ranging from 58 mm to 69 mm between partic-
ipants) to accurately calculate the corresponding geometrically
expected vergence angle; then, we subtracted the measured ver-
gence angle from this geometrical angle. We did so because of
the fact that the vergence angle is 6, or 360 min arc, for the cen-
trally presented word only, while on a ﬂat screen the geometrically
expected vergence angle decreases for targets to the left and the
right side of this central gaze position. The deviation of the theoret-
ically expected angle from 360 min arc (6) amounted up to 4 min
arc at the edges of our presentation ﬁeld. This deviation sounds
small but it is as large as 20% of a letter width for words at the
edges of the calibrated range (we show the curved characteristic
of the geometrically expected vergence angle in Fig. 3). In previous
research, the binned letter position on the line of text (Liversedge,
White et al., 2006) or the ordinal number of ﬁxations (Nuthmann &
Kliegl, 2009) was used to describe the movement of the eyes
through a sentence. For a geometrically exact calculation of the
theoretically expected vergence angle for each ﬁxation (as de-
scribed before), we prefer ﬁxation position in terms of angular
deviation from central ﬁxation instead of ﬁxation number.3. Results
3.1. Average (±SD) results for saccades and ﬁxations
For the pooled data set, participants made 4.55 (±2.8) ﬁrst ﬁxa-
tions on words per sentence were made while they read the sen-
tences, average ﬁxation duration was 233.2 ms (±82.2) and
average saccade amplitude was 135.4 min arc (±61.8), which trans-
lated into 6.8 character spaces. Regarding the vergence movements
during the saccade and during the post-saccadic drift, we found
comparable patterns that were described in previous research
(see for example, Hendriks (1996), or Vernet and Kapoula
(2009)): during saccades, the eyes diverged in most trials (59%),
which is dedicated to a relative difference in the movements of
the two eyes; however, we found convergence in 37% of the data
as well or no vergence movement at all (4%). Average divergence
during saccade amounted to 9.3 min arc (±7.9) and average
Fig. 2. (a) Histogram of the ﬁxation duration (ms); note that reading times longer than 500 ms were included into the last category and (b) histogram of the time (ms) when
the minimum ﬁxation disparity within the ﬁxation phase was reached.
Fig. 3. Vergence angle corresponding to minimum ﬁxation disparity (min arc)
within ﬁxation phase as a function of ﬁxation position (min arc) for all 2315
observations (black dots). The line formed by open gray dots mark the geometri-
cally expected vergence angle and thus, the theoretical reference for calculating the
ﬁxation disparity. Note that the two gray lines, which parallel the geometrically
expected vergence angle, mark the limits of vergence angles falling within the range
of one character width.
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saccades were correlated to saccade amplitude (r = 0.59, p = 0.01)
and were partly compensated by the following vergence drift dur-
ing the post-saccadic drift of the eyes: 39% of these drifts were con-
vergent, 38% divergent and 23% showed no change at all.
The average initial ﬁxation disparity (at the beginning of the ﬁx-
ation) was 21.5 min arc (±22.7), while the ﬁxation disparity at the
end of ﬁxation phase was 16.9 min arc (±20.9); both were highly
correlated (r = 0.96, p < 0.01) and resembled one character width,
on average. Positive ﬁgures of ﬁxation disparity mean crossed
(eso) visual axes. Thus, at the end of ﬁxation, the ﬁxation disparity
was aligned (i.e. smaller than one character width) in 47% of all ﬁx-
ations, while it was more eso in 49% and more exo in 4% of all ﬁx-
ations. In other words, as described by the average, the majority of
ﬁxation disparities at the end of ﬁxation were in eso direction rel-
ative to the geometrically expected vergence angle, i.e. we found
more crossed (49%) than uncrossed (4%) ﬁxations, relative to char-
acter width. The disparity reduction from start to the end of ﬁxa-
tion was 5.8 min arc (±6.4), on average.All parameters reported so far are comparable to those reported
by, for example, Nuthmann and Kliegl (2009) or Vernet and Kapo-
ula (2009) – even though the latter studies used binocular calibra-
tions; further, the prevalence of more crossed than uncrossed
ﬁxations was not consistent with the previous reports of Livers-
edge, Rayner et al. (2006) and Liversedge, White et al. (2006. We
will discuss these ﬁndings later.
3.2. The minimum ﬁxation disparity during ﬁxations
On average, the minimum ﬁxation disparity was reached at
107.2 ms (±93.1; see Fig. 2b), while the average ﬁxation duration
was 233.2 ms (±82.2; see Fig. 2a). Both times, ﬁxation duration
and the time when minimum ﬁxation disparity was reached, were
only weakly correlated (r = 0.37, p = 0.02). Note that we deter-
mined the minimum in ﬁxation disparity within the period be-
tween the end of the post-saccadic drift in version and the end of
the ﬁxation phase and as shown in Fig. 2, most often this minimum
was reached up to the middle of the ﬁxation period. In detail, in
about 37% of all ﬁxations the minimum ﬁxation disparity was
reached within the ﬁrst 50 ms of the ﬁxation phase, while in about
29% of all trials minimum ﬁxation disparity was reached within the
last 50 ms of the ﬁxation phases.
Fig. 3 shows the vergence angle of the minimum ﬁxation dispar-
ity as a function of ﬁxation position (relative to central ﬁxation)
within the sentence; the solid open circles show the geometrically
expected vergence angle showing a curved pattern across the sen-
tence, while the light gray lines mark the letter width for crossed
and uncrossed visual axes, respectively. In other words, measured
vergence angles larger than the geometrically expected vergence
angle (>360 min arc for the central ﬁxations) reﬂect crossed ﬁxa-
tions disparities (relative to zero ﬁxation disparities) while mea-
sured vergence angles smaller than the geometrically expected
vergence angle (<360 min arc for the central ﬁxations) reﬂect un-
crossed ﬁxations disparities (relative to zero ﬁxation disparities).
Minimum ﬁxation disparity reﬂects the minimal deviation of the
actual vergence angle from the geometrically expected one and
amounted to 13.9 min arc (±10.6), on average.
Fig. 3 also shows that the scatter of the single vergence angles
around the expected vergence is very large. Some vergence angles
were uncrossed (2%), some were crossed (39%), but the majority
was aligned (59%), relative to the theoretical borders of one charac-
ter width. Compared to ﬁxation disparity at the end of the ﬁxation
phase, the minimum ﬁxation disparity showed more aligned ﬁxa-
tions (by about 10%) relative to character width. Nevertheless, both
Fig. 4. Average minimum reading ﬁxation disparity (min arc) as a function of the
average static ﬁxation disparity (min arc) at the central cross – for all 18
participants. The line represents the regression line, with the equation: reading
ﬁxation disparity = 14.4 + 4.6  static ﬁxation disparity. The vertical and horizontal
gray lines denote the zero ﬁxation disparity.
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disparity were highly correlated (r = 0.94, p < 0.01). Regarding
averages, the minimum ﬁxation disparity showed a slight tendency
to be smaller than the ﬁxation disparity at the end of the ﬁxation
phase (t17 = 1.1; p = 0.14; one-tailed). In about 25% of the trials
the absolute difference between minimal ﬁxation disparity and ﬁ-
nal ﬁxation disparity at the end of ﬁxation was larger than 6 min -
arc (the average ﬁxation disparity reduction from ﬁxation start to
end). Moreover, categorizing the ﬁxations as crossed, uncrossed
and aligned (see above) showed that 40% of all uncrossed, 21% of
all crossed and 25% of all aligned ﬁxations showed a change in ﬁx-
ation disparity – after the minimum ﬁxation disparity was reached
– that was larger than 6 min arc (i.e. larger than the average ﬁxa-
tion disparity reduction that was found from start to end of ﬁxa-
tions, see above).
We included the following analysis, to test whether the changes
in ﬁxation disparity (after the minimum was reached) is not a ran-
dom process, but rather could be explained by a physiological
mechanism. Fixation disparity has been explained as the result of
an asymmetry between separate dynamic vergence mechanisms
for the convergent and divergent direction (Patel et al., 2001):
e.g., an eso ﬁxation disparity would be the result of a stronger con-
vergent than divergent dynamic mechanism. This suggests a
hypothesis for the ﬁnal regulatory phase of ﬁxation: in the case
of a large eso ﬁxation disparity, the supposed stronger convergent
than divergent dynamic mechanism would induce stronger shifts
from minimum ﬁxation disparity to a more eso condition at the
end of ﬁxation, while for a zero ﬁxation disparity, the dynamic
mechanisms of similar gain (for convergent and divergent changes)
would not induce large changes in ﬁxation disparity after once the
minimum was reached. For a statistical test of this hypothesis, we
compared whether eso shifts from minimum to ﬁnal ﬁxation dis-
parity were larger in cases with crossed than with aligned ﬁxation.
Note that the same argumentation holds for the divergent direc-
tion: according to Patel et al. (2001) we would expect larger exo
shifts for cases with uncrossed than aligned ﬁxations; but due to
the small number of uncrossed ﬁxations (2%) we restricted this
additional analysis to crossed cases. Thus, for crossed and aligned
ﬁxations we selected those eso drifts after the minimum ﬁxation
disparity which were larger than 6 min arc (since smaller drifts
are likely to be very noisy and 6 min arc represented the average
ﬁxation disparity reduction from start to end of ﬁxation, see
above); the resulting mean eso drifts (±SD) were 9.8 min arc
(±16.8) for crossed ﬁxations and 8.3 min arc (±32.1) for aligned ﬁx-
ations. Even though the average difference between both eso drift
was small, it was statistically signiﬁcant (t17 = 3.9; p < 0.01).
3.3. Minimum ﬁxation disparity for reading and static ﬁxations
Fig. 4 shows the correlation between the average individual
minimum ﬁxation disparity during reading and the average indi-
vidual ﬁxation disparity during static ﬁxations, i.e. while ﬁxating
the central cross which was presented between sentences: we
found a correlation of r = 0.58 (p = 0.02). These ﬁxation disparity
measures were signiﬁcantly different in size (t17 = 6.8; p < 0.01;
two-tailed): average minimum ﬁxation disparity during reading
amounted to 13.2 min arc (±11.3) across participants, while aver-
age ﬁxation disparity at the central cross was 0.7 min arc
(±9.9); these difference reﬂected an ‘‘eso-shift” of ﬁxation disparity
from ﬁxating the cross to reading the sentences. Note that for this
comparison we calculated the ﬁxation disparity as ‘‘signed” values,
i.e. the difference between theoretically expected vergence angle
and measured vergence angle is negative for uncrossed ﬁxations
and positive for crossed ﬁxations. By including the sign of the ﬁx-
ation disparity, the average change in magnitude and in direction
can be observed, as can be seen in Fig. 4.Nevertheless, calculating mean ﬁxation disparities as ‘‘un-
signed” values (Liversedge, Rayner et al., 2006; Liversedge, White
et al., 2006; Nuthmann & Kliegl, 2009) showed that the mean ﬁx-
ation disparity during reading (M = 13.9 ± 10.6 min arc) was still
signiﬁcantly different from mean ﬁxation disparity at the central
cross (M = 8.5 ± 4.8 min arc; t17 = 2.7; p = 0.01).3.4. Effect on minimum ﬁxation disparity during ﬁxations
We calculated linear mixed-effects models (R system (or pro-
ject) for statistical computing; R-Development-Core-Team, 2008:
lmer from package lme4 (Pinheiro & Bates, 2000; Venables &
Smith, 2001)) to account for changes in minimum ﬁxation dispar-
ity during reading. In contrast to Nuthmann and Kliegl (2009) we
used the minimum ﬁxation disparity as dependant variable and in-
cluded only incoming saccade amplitude and ﬁxation position into
these regression analyses. Fixation duration was not included, as
we showed above that it was only weakly correlated with the mo-
ment in time at which the minimum in ﬁxation disparity was
reached; thus, we did not expect ﬁxation duration to contribute
to the variability of minimum ﬁxation disparity across reading
the sentence. Generally, linear mixed-effects models explain data
as effects on the 1st and 2nd order statistics with respect to covar-
iates and grouping structures. The covariates in our analysis were
incoming saccade amplitude and ﬁxation position, and the group-
ing factor represented the participants.
Table 1 shows the parameters and information criteria esti-
mated by the model. We found that the only signiﬁcant ﬁxed effect
was the coefﬁcient for ﬁxation position, which showed that with
every change in ﬁxation position to the right the minimum ﬁxation
disparity slightly increases. The percentage of variance explained
by the model was about 40%. We speculated that the ﬁxed effect
of ﬁxation position reﬂected the accumulation of ﬁxation disparity
across ﬁxations as previously described by Heller and Radach
(1999). These authors suggested that the change in vergence error
across a text is a direct consequence of an imbalance in the saccad-
ic movement of both eyes. In order to test this hypothesis, we
made the following three steps of analyses. First, we calculated
the percentage of post-saccadic drift in vergence relative to the
Table 1
Summary of the mixed-effects model in order to predict the minimum in ﬁxation
disparity (min arc); the model includes ﬁxed effects for ﬁxation position (min arc) and
incoming saccade amplitude and random effects for the intercept, ﬁxation position
and incoming saccade amplitude, respectively.
AIC (Akaike’s information criterion) 19 111
BIC (Schwarz’ Bayesian information criterion) 19 151
Fixed effects
Name Estimate Standard
error
t-Value
(Intercept) 14.317 2.803 5.107
Fixation position 0.017 0.004 3.89
Saccade amplitude 0.007 0.009 0.71
Random effects
Group Name Variance Standard
deviation
Participants (Intercept) 124.45 11.155
Participants Fixation
position
0.0003 0.017
Participants Saccade
amplitude
0.0009 0.030
Residuum 211.04 14.52 Fig. 5. Average individual compensation (%) for the disconjugacy at saccade offset
as a function of the individual regression coefﬁcient reﬂecting the effect of ﬁxation
position. The regression coefﬁcients were determined in 18 separate regressions,
one for each of the 18 participants. The line represents the regression line with the
equation: compensation for disconjugacy = 72.8  444.3  individual regression
coefﬁcient for ﬁxation position.
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the amount to which the disconjugacy remained after saccade exe-
cution (see Vernet and Kapoula (2009), for comparison) was com-
pensated by the post-saccadic drift in vergence in each ﬁxation
phase. This percentage of compensation was then averaged for
each observer. Second, individual measures of the change in mini-
mum ﬁxation disparity were derived from 18 regressions – one for
each observer – which included only the simple ﬁxed effect of ﬁx-
ation position to account for minimal ﬁxation disparity. As sug-
gested by the mixed-effect model (see above) the effect of
ﬁxation position on minimal ﬁxation disparity varied between
the observers: R2 ranged from 1% to 32% and the regression coefﬁ-
cient for ﬁxation position ranged from 0.002 to 0.071. Third and ﬁ-
nally, we correlated the individual regression coefﬁcients for the
effect of ﬁxation position on minimum ﬁxation disparity to the
individual percentage of disconjugacy compensation during
ﬁxation.
As shown in Fig. 5, both correlated to an intermediate, but sig-
niﬁcant degree (r = 0.65, p < 0.01), reﬂecting that individual dif-
ferences in the ﬁxed effect of ﬁxation position on minimum
ﬁxation disparity was correlated to the individual ability of com-
pensation for vergence disconjugacy after saccade execution; in
other words: if the eyes of an observer showed less disconjugacy
during saccades or compensated well for it after saccade execution,
no effect of ﬁxation position on minimal ﬁxation disparity could be
observed. If the individual compensation was weak, the minimum
ﬁxation disparity accumulated across ﬁxation position – that is,
across the saccades leading the eyes from left to right through a
sentence.4. Discussion
In previous research, ﬁxation disparity reported for reading ﬁx-
ations was as large as 1–2 characters. In some studies, the majority
of these ﬁxation disparities seemed to be uncrossed (Blythe, 2005;
Blythe et al., 2006; Liversedge, Rayner et al., 2006; Liversedge,
White et al., 2006). However, there are as well studies showing a
majority of crossed ﬁxation disparities during reading, but still
the deviation of the vergence angle from the theoretically expected
vergence is as large as a letter width, that is, between 17 and
20 min arc (Kliegl et al., 2006; Nuthmann & Kliegl, 2009). Further,
Vernet and Kapoula (2009) showed nearly perfect binocular coor-
dination by means of describing a disconjugacy during saccadeswhich was nearly perfectly compensated by a post-saccadic drift
in vergence during ﬁxation.
In the present study, we were interested in a most precise
description of the ﬁxation disparity during the ﬁxation phases.
Therefore, we: (1) used monocular calibrations and (2) concen-
trated on the description of the minimum ﬁxation disparity which
was reached during each ﬁxation; this speciﬁcation of ﬁxation dis-
parity was based on the physiologically reasonable assumption,
that the binocular system aims for a reduction of ﬁxation disparity
during ﬁxation (as shown by Liversedge, White et al. (2006), Vernet
and Kapoula (2009), or Nuthmann and Kliegl (2009)) and that the
minimum amount of ﬁxation disparity (and the corresponding mo-
ment in time) reﬂects the optimal binocular status. As shown by
trial examples in Fig. 1a, vergence movements during ﬁxation
phases followed different curves: for example, ﬁxation disparity
was reduced very early (37%) or the process of reducing ﬁxation
disparity was still continued up to the end of ﬁxation (29%). Inter-
estingly and regardless of the time when it was reached, we ob-
served some trials in which the minimum ﬁxation disparity was
reached and ﬁxation disparity increased afterwards again. At a ﬁrst
view this observation might be counterintuitive; as described
above, the binocular system is thought to aim for a reduction of ﬁx-
ation disparity during ﬁxation. Why should the system move to a
less optimal vergence state when it already reached the minimum
ﬁxation disparity? – We speculated that there might be two differ-
ent reasons: typically, the reading distance (in our case 60 cm) is a
close viewing distance, thus, it imposes some demand on the ver-
gence system (to adjust the vergence angle) and the accommoda-
tion system (to adjust the focus of the optical system), in order
to provide a fused and sharp image of the text. Usually the accom-
modation response lags behind the stimulus for targets at closer
distances, but ﬂuctuates as well (Alpern, 1969; Howard, 2002;
Kaufman & Alm, 2003). During the saccadic movements in reading
all proper adjustments of the eyes to the reading viewing distances
are (typically) disrupted and must be re-attained during ﬁxation;
for vergence, this leads to the previously described processes of
vergence drifts during the ﬁxation phases. The vergence correc-
tions during ﬁxation phases might work on disparities (Howard,
2002) while ﬁrst parts of these might be preprogrammed by the
saccade execution (Vernet & Kapoula, 2009). Nevertheless, besides
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the text at the ﬁxed reading distance the adjustments of the eyes
(in terms vergence) might ﬂuctuate or drift slightly – in either
direction. These ﬂuctuations or trends in vergence show a more
‘‘long-term” characteristic, i.e. may show up across reading whole
sentences or pages (Ehrlich, 1987; Owens & Wolf-Kelly, 1987; Tyr-
rell, Garvey, Thayer, & Leibowitz, 1994; Wolffsohn, Gilmartin, Tho-
mas, & Mallen, 2003). The control of the vergence movement
generally allows for some adaptation of the tolerated vergence er-
ror, in order to reduce the overall demand on the vergence system.
For example, from clinical testing we know that the amount of dis-
parity needed to attain fusion is much smaller than the amount of
disparity at which fusion is lost again (Howard, 2002; Howard &
Rogers, 2002; Methling, 2006). Therefore, ﬂuctuations or a reduc-
tion of demand on the vergence systems and a corresponding drift
might not automatically impair fusion during ﬁxations. Even
though descriptive in nature, we found results in our data that sup-
ported all latter speculations: we included an analysis to test
whether the changes in ﬁxation disparity (after the minimum
was reached) are not due to random processes, but rather could
be explained by a physiological mechanism. Fixation disparity
has been explained as the result of an asymmetry between sepa-
rate dynamic vergence mechanisms for the convergent and diver-
gent direction (Patel et al., 2001): e.g., an eso ﬁxation disparity
would be the result of a stronger convergent than divergent dy-
namic mechanism. In the case of a large eso ﬁxation disparity,
the supposed stronger convergent than divergent dynamic mecha-
nism would induce stronger shifts from minimum ﬁxation dispar-
ity to a more eso condition at the end of ﬁxation, while for a zero
ﬁxation disparity, the dynamic mechanisms of similar gain (for
convergent and divergent changes) would not induce large
changes in ﬁxation disparity after once the minimum was reached.
The same argumentation holds for the divergent direction, but due
to the small number of uncrossed ﬁxations (2%) we restricted this
additional analysis to crossed cases and found indeed slightly but
signiﬁcantly larger eso drifts in crossed ﬁxations than in aligned
ﬁxations that showed an eso drift after minimum ﬁxation
disparity.
Nevertheless, the average difference between the minimal ﬁxa-
tion disparity and the ﬁnal ﬁxation disparity at the end of the ﬁx-
ation phase did not reach signiﬁcance. The ﬁxation disparity at the
end of ﬁxations reﬂected amounts comparable to previous reports
(Liversedge, Rayner et al., 2006; Liversedge, White et al., 2006;
Nuthmann & Kliegl, 2009). However, the analysis of minimum ﬁx-
ation disparity led to a different categorization of ﬁxations as being
aligned, crossed or uncrossed relative to character width: for min-
imum ﬁxation disparity we observed 10% more aligned ﬁxations as
for the ﬁxation disparity measured at the end of ﬁxation.
It is important to note that even though we used monocular cal-
ibrations as, for example Liversedge, Rayner et al. (2006) and Liv-
ersedge, White et al. (2006), we found (besides aligned ﬁxations)
a larger number of crossed than uncrossed ﬁxation disparities at
the end of ﬁxations during reading. These ﬁndings are comparable
to Nuthmann and Kliegl (2009; who used binocular calibrations)
and which might be due to comparable experimental settings, as,
for example, a close viewing distance, the use of the EyeLink II or
black letters on a white background instead of white letters on a
black background (see for example, Nuthmann and Kliegl
(2009)). As mentioned in Section 1, all these factors have, to date,
been discussed as possibly contributing to the differences between
the previous studies reporting different amounts of crossed and
uncrossed ﬁxation disparities. It is interesting to note that even
though all cited studies and the present one differed in several
experimental aspects, the overall pattern of ﬁxation disparity mea-
sures is the same: most ﬁxations were aligned, resembling quite
exactly the character width used.Regarding minimum ﬁxation disparity throughout the reading
process, a regression analysis in the present study showed that
minimum ﬁxation disparity changed with ﬁxation position, while
the amplitude of the incoming saccade had a negligible effect.
The latter effect might be missing since we analyzed only initial
ﬁxations in ﬁrst-pass reading. Thus, our data set did not include
short or long saccades, which are often found for re-ﬁxations or
regressions. In fact, we analyzed only ﬁxations after saccades from
left to right, which represented the majority of reading saccades.
As we will discuss later, one supposed mechanism which mainly
inﬂuences the binocular coordination during reading is a difference
in the movement of the two eyes during saccades (Heller & Radach,
1999; Hendriks, 1996). In this context we speculate that a change
in the saccade direction (i.e. for regression from left–right to right–
left) might inﬂuence the effect on ﬁxation disparity, at least for sin-
gle observers. Therefore, a selection of saccades might slightly
change the effect of the amplitude of incoming saccades on ﬁxation
disparity. Moreover, note that we deﬁned ﬁxation position as ac-
tual ﬁxation on a word/letter relative to the center of the screen,
i.e. the center of the visual ﬁeld, for which calibrations of the eye
movement measures were obtained and for which the vertical
midline resembled the visual direction of ‘‘straight-ahead”. Thus,
each ﬁxation position was characterized by its spatial displace-
ment relative to the center of the screen.
The observed overall individual differences in minimum ﬁxa-
tion disparity agreed with the common notion that observers differ
in extent and direction of ﬁxation disparity (Howard, 2002; How-
ard & Rogers, 2002). The general phenomenon of ﬁxation disparity
was already reported by Hofmann and Bielschowsky (1900), but
the physiological origin and meaning of ﬁxation disparity is still
discussed and depends on the model that is assumed to describe
vergence behavior. For example, in feedback control models, with
integrator elements (Schor, 1979), ﬁxation disparity is the pur-
poseful error signal – the difference between vergence stimulus
and vergence response – that drives vergence. These ﬁxation dis-
parity models are based on measures obtained for static viewing
conditions with stationary fusion targets; a similar viewing condi-
tion was included in our experimental protocol by letting partici-
pants ﬁxate a cross in the screen center. This allowed us to
compare ﬁxation disparities obtained during reading (dynamic
movements) with this static viewing condition typical for opto-
metric testing and subjective testing of ﬁxation disparity. This sta-
tic ﬁxation disparity was found to be correlated with the
(minimum) ﬁxation disparity during reading, while – on average
– the reading ﬁxation disparity was much more eso. Future re-
search might show, if these more eso amounts of ﬁxation disparity
are unique to reading conditions or due to the differences in ﬁxa-
tion time. Note that the average reading ﬁxation time was about
230 ms while the ﬁxation time for the static cross was 1000 ms.
For the moment, we keep the ﬁnding that average ﬁxation dispar-
ities for static, central ﬁxations and reading ﬁxations were at least
correlated. Thus, we conﬁrm the fact that observers generally differ
in their amount of ﬁxation disparity, both in reading and in static
viewing conditions. The origin of these individual differences
may lie in basic physiological functions as heterophoria (Jainta &
Jaschinski, 2010; Jampolsky, Flom, & Freid, 1957; Ogle, 1954) or
dark vergence (Francis & Owens, 1983; Jaschinski, 2001).
We found minimum ﬁxation disparity to be inﬂuenced by ﬁxa-
tion position, which corresponds to the idea that ﬁxation disparity
accumulates across text (described by Heller and Radach (1999), or
the results of Nuthmann and Kliegl (2009), who showed that the
ﬁxation disparity reduction throughout the ﬁxation phase was
inﬂuenced by the number of ﬁxation, which is closely related to
our deﬁnition of ﬁxation position). Individual differences in the ef-
fect of ﬁxation position on ﬁxation disparity might be a result of
the idiosyncratic effect of transient vergence movements during
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vergence during saccades differed between participants; thus, if
both eyes move (idiosyncratically) differently during saccades, dif-
ferent vergence changes occur and are more or less compensated
by the vergence drift after the saccade. In order to test this idea
in the context of the results of our regression, we calculated the
percentage of post-saccadic drift in vergence relative to the ver-
gence disconjugacy during the saccade for each observer (see Ver-
net and Kapoula (2009), for comparison). Further, we calculated
individual regressions describing the effect of ﬁxation position on
minimum ﬁxation disparity. As expected, the individual regression
coefﬁcient for the effect of ﬁxation position on minimal ﬁxation
disparity was correlated to the individual percentage of disconju-
gacy compensation during ﬁxation. Thus, interindividual differ-
ences in the effect of ﬁxation position on minimum ﬁxation
disparity might be due to idiosyncratic movements of the two eyes
during saccades (Heller & Radach, 1999; Hendriks, 1996) and the
corresponding mechanisms for compensation. This is in line with
our more general, previous experience: in Jainta and Jaschinski
(2010) we showed that the individual reading ﬁxation disparity
was not correlated to the average tendency to diverge or converge
during the saccades. In other words, the direction and magnitude
of the ﬁxation disparity during reading ﬁxations was not depen-
dant on a convergent or divergent movement during the saccade.
For example, one observer might start reading with an eso ﬁxation
disparity and we know by now that this could be partly due to his
heterophoria (Jainta & Jaschinski, 2010; Jaschinski et al., 2010). But
whether he/she will converge or diverge the eyes during the fol-
lowing saccades depends on his/her individual balance during
the saccadic movements of the two eyes. Further, we would ob-
serve an effect of the ﬁxation position on his/her regulation of
the vergence angle during ﬁxation (i.e. ﬁxation disparity), if his/
her ability of compensating for the saccadic disconjugacy is weak
(see present data). All combinations are physiologically possible
and plausible. The questions remains to what extent the general
reading process might be affected by these substantial individual
differences in binocular regulation.
Summarizing our study of ﬁxation disparity during reading ﬁxa-
tions, wewould like to outline the difference between theminimum
ﬁxation disparity reached during ﬁxation and ﬁxation disparities at
the beginning and the end of ﬁxation phases: theminimumﬁxation
disparitywas not strictly reached at the end or beginning of ﬁxation
and compared to the beginning of ﬁxation, itwas aligned (relative to
character width) in a slightly larger number of cases. Further, min-
imum ﬁxation disparity was strongly inﬂuenced only by ﬁxation
position within the sentence; the amplitude of incoming saccade
had a negligible effect. Moreover, the effect of ﬁxation position on
minimumﬁxation disparitywas found to correlatewith the individ-
ual ability to compensate for disconjugacy during saccades. Gener-
ally,we found the readingﬁxation disparity to be correlated to static
ﬁxation disparity, while the reading ﬁxation disparity tended to be
more crossed (eso). As previous studies showed before, average
ﬁxation disparity resembled about one character size and most
ﬁxations were aligned relative to character width.Appendix A. Control experiment to detect small vergence
changes
The amount of ﬁxation disparity is typically much less than 1
so that the question arises whether these small vergence errors
could reliably be measured with the EyeLink II and the test proce-
dures we used. To investigate this methodological question we
performed the present control experiment.
A ﬁxation disparity is a change in vergence eye position be-
tween monocular and binocular observation of the target; thus, itis a relative measurement, a difference between two experimental
conditions. This is achieved in our experiments in that the recorded
data in a binocular test phase are analyzed in relation to those in a
monocular calibration phase (one before and one after the binocu-
lar test phase). In order to demonstrate that the test procedure is
able to detect small amounts of ﬁxation disparity it is required to
test the response of the recording system to small vergence
changes. These were experimentally applied with the following
procedure that comprised a series of test conditions: As a starting
point, we measured the ﬁxation disparity at an initial baseline
viewing distance of 60 cm which corresponds to a baseline ver-
gence angle of 6 (2 arc tan (PD/2D, with an average interpupillar
distance PD = 63 mm and the viewing distance D from the target
to the plane of the center of rotation of the eyes). In a subsequent
series of tests, we shifted the target (presented on a ﬂat screen) to
positions more distant and closer than 60 cm in order to vary the
baseline vergence stimulus by small amounts of ±8 min arc and
±16 min arc, where minus (plus) signs refer to a shift to more dis-
tant (closer) positions. The corresponding changes in viewing dis-
tance were 28, 14, 13.5, 26 mm relative to the initial viewing
distance of 60 cm. To allow for precise adjustment of these viewing
distances, the ﬂat monitor was mounted on a mechanical stand
that could be shifted back and forth on a purpose-made slide.
The resulting six experimental conditions were presented in two
different orders to reduce any possible effect of sequential testing:
(1) 0, 16, +16, 8, +8, 0 min arc and (2) 0, +16, 16, +8, 8,
0 min arc. Six of these runs (three of each sequence) were made
in a single session and four separate sessions within each subject.
The ﬁxation stimulus was a center cross of 18 min arc width;
this was surrounded by 12 crosses (30 min arc), which were ar-
ranged in a circular area of 8 diameter to assist fusion. The follow-
ing time scheme was applied. The fusion stimulus was presented
for 3000 ms. After this period, the stimulus was removed from
the screen for 1000 ms, during which the experimenter shifted
the screen to the subsequent position. The participants were in-
structed to blink during this period (and this was controlled by
the experimenter in the recorded data); blinking was introduced
in order stimulate a fusional response to the new target position.
Before and after the presentation of the six target positions (one se-
quence), a monocular calibration was performed with nine points,
in the same way as in the reading experiment (see above). The
monocular calibration targets were presented in a stereoscopic
arrangement with half-silvered mirrors at 90 angle; the calibra-
tion targets were viewed monocularly on two monitors left and
right of the mirrors and the fusion target at eye level was observed
straight ahead through the mirrors. Although a bite bar was not
used, the subject’s head was stabilized in a chin and for-head rest;
additionally, translation of the head was minimized by applying
ﬁrmly adjusted pads for the cheeks and by ﬁxing the head with a
ﬂexible band around the back of the head.
The average of all sessions is shown in Fig. A1. The plots shows
on the x-axis the change in the stimulus vergence angle and on the
y-axis the change in vergence response, both relative to the geo-
metrically expected vergence angle of 6 corresponding to the
baseline viewing distance of 60 cm. Thus, a line with a slope of
one with zero y-intercept (solid line) would indicate the expected
result if a subject had a zero ﬁxation disparity and the shift of the
target screen induced a change in vergence response as expected
from geometry. This is approximately the case in subject WP.
The other three participants have a negative intercept, indicating
an individual, exo (uncrossed) ﬁxation disparity. Most important,
the slope is close to one in all four participants; statistically, we
used a mixed-effects model to describe the data (not shown here).
The comparison of the random effects of participants (SD:
17.1 min arc) and participants as function of induced vergence an-
gles (SD: 6.6 min arc) indicated that the present instrumentation
Fig. A1. The change in the stimulus vergence angle (x-axis; min arc) as a function of the change in vergence response (y-axis; min arc) – for four different observers: WB, WP,
JW, TB. The dots represent trimmed means (by 20%; ±SD).
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in the range of ±8 min arc.Fig. A2. Histogram of the standard deviation (SDc) due to calibration for the
complete sentence set (N = 1613). For further statistical analyses, only sentences
(containing 4.55 ﬁxations per sentence on average) with SDc smaller than 20 min
arc were selected.Appendix B. Monocular calibrations
Fixation disparity is deﬁned as the difference in eye position
when ﬁxation changes from monocular to binocular viewing con-
ditions (Fogt & Jones, 1997, 1998). Thus, monocular calibrations
are required, i.e. sampling calibration data from one eye while
the fellow eye is not presented with a stimulus. When binocular
calibrations are used (as in Nuthmann and Kliegl (2009); the article
included data reported also in Kliegl et al. (2006) or Vernet and
Kapoula (2009)) any possible ﬁxation disparity during calibration
will not be detected. Thus, the ﬁxation disparity measured during
the experimental task, i.e. reading, will represent the change in ﬁx-
ation disparity during reading relative to the one during binocular
calibration. The assessment of the full ﬁxation disparity during
reading requires therefore monocular calibrations. Reported ﬁxa-
tion disparities based on binocular calibrations can only give an
estimation of the direction of the ﬁxation disparity, while the mag-
nitude of ﬁxation disparity is likely to be underestimated. Never-
theless, it should be noted that all these (theoretical) arguments
hold for the aim to describe ﬁxation disparity as precise as possi-
ble. If one aims for a description of relative changes in vergence
due to, for example, saccades during reading, binocular calibrations
will give the same results as monocular ones; just the ﬁxation dis-
parity at saccade onset and offset – because these are ﬁxation dis-
parities again – will differ in their amount between the two types
of calibrations. As stated above, the aim of this study was to de-
scribe and analyze minimal ﬁxation disparity during reading asprecise as possible and compare it to a static viewing condition.
Therefore, we used monocular calibrations as Liversedge, Rayner
et al. (2006) and Liversedge, White et al. (2006) did; their reported
amounts of ﬁxation disparity are still regarded as reference values
for our study.
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For calibrating eye movement recordings, a multiple regression
between spatially deﬁned calibration points and corresponding
measured raw data is performed. Based on this regression, a conﬁ-
dence interval (CI) of the actual measured eye position can be cal-
culated in order to quantify the measurement error introduced by
inaccurate calibration coefﬁcients (Fogt & Jones, 1998; Hoormann,
Jainta, & Jaschinski, 2008). For calculating this CI, a standard devi-
ation (SDc) – depending on the calibration quality and the design of
the calibration procedure – is needed. We calculated these SDc for
our reading data and decided to take only those measurements for
further analysis, whose SDc was smaller than one character width,
i.e. 20 min arc. Fig. A2 shows a histogram of all calculated SDc; the
number of SDc reﬂects average values of 18 participants reading
120 sentences, thus the SDc marks the average uncertainty due to
calibration for the eye movement measures for each sentence.References
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